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ABSTRACT
This study was comprised of two related projects: a viscosity
variability study and a trivalent cation study. For the first study, the
dependence of viscosity of solutions of the polymer sodium
carboxymethylcellulose (CMC) on temperature was quantitatively
determined so that the viscosity measurements from four sets of
viscosity versus age of solution data could be normalized. The four
sets of age of solution data were obtained for two solutions containing
Al cation and for two solutions containing Mg cation. The
temperature normalization procedure proved viable. Factoring out the
variability due to temperature led to a decrease in overall variability of
the viscosity data of the three solutions for which temperature
fluctuation had been problematic.
The trivalent cation study involved addition of
Al3+
or
Cr3+
cation to solutions ofCMC. The overall objective was to produce high
viscosity CMC solutions by promoting crosslinking through the
trivalent cations to anionic sites along the polymer chains. Addition of
A1C13 solution to the CMC solution was ineffective: at low ionic
strengths, polymer precipitated out of solution. To prevent
precipitation it was necessary to deliver the trivalent cation more
slowly. This was accomplished by adding trivalent cation either in
combination with a chelating agent or already in the form of a metal
complex. The chelating agents citric acid, malic acid, and EDTA, in
combination with
Al3+
cation, were ineffective in yielding CMC
solutions of high viscosity. Oxalic acid in combination with both Al
3+
and
Cr3+
cation as well as basic aluminum acetate and chromium (III)
acetate hydroxide did produce high viscosity CMC solutions. In terms
of ligands, acetate was even more effective than oxalate. In terms of
cations,
Cr3+
was even more effective than Al3+.
Vlll
I. INTRODUCTION
A. Uses ofCMC
The polymer sodium carboxymethylcellulose (CMC) has a wide
variety of applications. Among its uses, CMC is employed as a suspending
agent in adhesives, ceramics, and detergents; as a protective film former in
latex paints, textiles, and lithography; and as a thickening agent in oil
recovery, oil well plugging, slurry explosives, coatings, food products, and
pharmaceutical products. CMC is physiologically inert and readily soluble in
hot or cold aqueous systems.
B. Structure ofCMC
Also known as cellulose gum, CMC (Figure 1) is a cellulose ether.
Anhydroglucose units are linked together through (3-1,4-glycosidic bonds.
Each monomer unit contains two anhydroglucose units. CMC is prepared by
reacting cellulose (Figure 2) with sodium monochloroacetate under basic
conditions.
The hydrogens of some hydroxyl groups in cellulose are replaced by
carboxymethyl groups to form CMC. For each of the two anhydroglucose
units shown in Figure 1 , substitution has taken place at only one of three
possible sites. The degree of substitution (DS) for the polymer illustrated is
thus 1. The maximum degree of substitution for CMC is 3.
CH2COO- Na+
Figure I: Sodium carboxymethylcellulose (CMC).
Figure 2: Cellulose.
Substitution is facilitated as a result of the hydroxyl groups of
cellulose being oriented equatorially rather than axially with respect to the
glucopyranose rings. The order of preference for substitution of the three
possible sites is C-2 > C-6 C-3. It is believed the C-2 site is most
frequently substituted as it is the most acidic site and that the C-3 site is least
frequently substituted due to steric hindrance. The lots ofCMC used for this
study have a target DS of 0.7. That is, for every ten anhydroglucose units,
substitution has taken place, on average, at seven of thirty possible sites.
The degree of polymerization (DP) refers to the average number of
anyhydroglucose units per CMC chain. The degree of polymerization for
CMC ranges from 400 to 3,200 with corresponding molecular weights of
90,000 to 700,000 g/mol.
C. CMC as a Thickening Agent
The intended application of this research is to employ CMC as a
thickening agent in pharmaceutical gels, cremes, or lotions, suitable for
application to the skin. The medical benefit of topical pharmaceutical
products may be maximized when the viscosity of the product is increased
so as to allow increased contact time with the skin. It should be noted,
however, that many of the CMC solutions made for this study are well
beyond the isotonic ionic strength appropriate for pharmaceutical products.
It may be desirable to include dyes and fragrances in product
formulations. Dyes and fragrances include trivalent and quaternary
ammonium salts. The main focus of this study is to explore the effect of
adding trivalent cations, specifically
Al3+
and
Cr3+
cations, to solutions of
CMC.
P. Stability ofCMC
CMC is considered stable in the pH range of 2 through 10. Below
pH 2, precipitation of the polymer occurs; above pH 10, viscosity of the
solution falls off
rapidly.1To facilitate longer shelf life of the CMC solutions
made for this study, the final pH of each solution was adjusted to 7.0.
II. THEORY
A. Factors that affect the Viscosity ofCMC Solutions
1. Concentration ofCMC andMolecular Weight ofCMC
Increasing the concentration of CMC and increasing the molecular
weight of the CMC will increase the viscosity of a sodium
carboxymethylcellulose solution. In both instances, greater viscosity is
achieved as a result of increasing the number of chain entanglements. A
chain entanglement occurs when a segment of a polymer chain loops around
another segment. Chain entanglements are physical crosslinks; chain
entanglements do not involve ionic or covalent bonding. Clearly, increasing
the amount of CMC per given volume and increasing the average chain
length of the CMC selected offer increased opportunities for chain
entanglement.
2. Degree ofDisaggregation
The degree of disaggregation of the polymer is another factor that
affects the viscosity of a CMC solution. Disaggregation can be envisioned
as the peeling off of strands of CMC from a sample of crystallite polymer
that has been added to the solvent. Maximum disaggregation occurs when
every strand ofpolymer is fully solvated.
CO
o
o
CO
Degree of Disaggregation
Figure 3: Viscosity as afunction ofthe degree of
disaggregation.1
The relationship between viscosity and degree of disaggregation is
illustrated in Figure 3. In Phase 1, the CMC is a suspended powder; neither
swelling nor dissolution has occurred. In Phase 2, swelling has occurred, but
the CMC is not completely dissolved. Phase 3 represents maximum
disaggregation (and maximum dissolution). Phases la, lb, and 2a represent
intermediate states. The type of mixing (i.e. flow mixing versus shear
mixing), the length of time ofmixing, and the rate ofmixing can affect the
degree of disaggregation and ultimately the final viscosity of the
solution.1'2
3. Degree ofSubstitution
Another way in which the viscosity of a CMC solution may be
increased is to increase the degree of substitution (DS) of the CMC. As the
degree of substitution increases, the polymer becomes more hydrophilic and
disaggregation of the polymer in aqueous solution is facilitated. As seen in
Figure 3, disaggregation of the polymer is generally favorable toward
achieving greater viscosity.
4. Effect ofpH
Decreasing the pH of a CMC solution to a low range, usually less than
4.0, also results in an increase in the viscosity of the
solution.1Below pH
4.0, the predominant form of the sodium carboxymethylcellulose is the
protonated, free acid form.
5. Addition ofMonovalent andDivalent Salts
As the mono- or divalent salts concentration of a CMC solution
increases, the viscosity decreases. It is suggested ' that mono- and divalent
cations will occupy intramolecular sites along the polymer chain. This in
turn causes the bond angle between neighboring anhydroglucose residues to
flatten out. Like an accordion, the chain of CMC also flattens and extends.
When a shear force is applied to a CMC solution, the polymer chains line up
in the direction of the shear force. The result is a decrease in the resistance to
the shear force and a decrease in viscosity.
6. Order ofAddition ofMono- andDivalent Salts
In almost all
cases,1
when mono- or divalent salts are added to
solutions ofCMC, the resulting viscosity is lower compared to a CMC-only
control solution. The magnitude of the drop in viscosity is affected by the
order of addition of the salt. Assuming the concentrations of salt and CMC
are held constant, a solution in which salt is added before the CMC will have
an even lower viscosity than a solution prepared by adding CMC before the
salt. When monovalent or divalent cations are already present before CMC
is added, there is competition from the start between cations and water
molecules for the anionic sites along the polymer chain. The result is that the
CMC does not become as fully hydrated.
7. Addition ofTrivalent andQuaternaryAmmonium Salts
Crosslinking, both an intramolecular and intermolecular phenomenon,
is primarily of importance when trivalent or quaternary ammonium salts are
added to a CMC solution. The literature reports that these higher valency
salts can be used to make very stiff gels.
' Crosslinking occurs between
carboxymethyl groups on adjacent polymer chains or between
carboxymethyl groups on separate sections of the same chain, through the
trivalent or quaternary cation.
When adding trivalent or quaternary ammonium cations to solutions
of CMC, care must be taken to add the cations slowly so as to avoid
precipitation of the
polymer.1One method reported in the literature4 is to
supply the desired cation through a redox reaction. In the case cited,
Cr6+
was reduced to Cr3+. Another method is to add the cation in combination
with a chelating agent.
Use of a chelating agent can lead to a further complication with regard
to pH. Many chelating agents are acidic. The CMC solution will become
exceedingly viscous if the pH drops too low, making mixing awkward and
difficult. To avoid this complication, the pH of the salt plus chelator solution
may be adjusted prior to addition to the CMC solution. It should be noted
that the ability of the trivalent cation to effect crosslinking of the CMC
might be affected by the pH of the trivalent salt plus chelator solution.
8. Dependence ofViscosity on Temperature
Viscosity and temperature of the CMC solution are inversely related.
The effect of elevated temperature on viscosity is reversible, so long as a
solution is not heated to too high a temperature or for too long a time that the
CMC degrades.
9. Non-Newtonian Properties ofCMC
When solutions exhibiting Newtonian behavior are mixed, the
viscosity will remain constant as shear rate is increased. Non-Newtonian
solutions, including solutions ofCMC, may exhibit pseudoplastic behavior,
a nonlinear decrease in viscosity as the shear rate is increased (Figure 4).
The measurement ofviscosity involves the application of a shear force to the
solution. It is therefore important when comparing viscosity measurements
to compare measurements made at the same applied shear force (i.e. at the
same spindle rotation rate).
If a non-Newtonian solution is mixed at a constant shear rate,
thixotropic
behavior1
may be observed (Figure 5). In this case, there is a
nonlinear decrease in viscosity similar but not identical to the nonlinear
decrease in viscosity observed with pseudoplastic behavior. Once mixing is
stopped, the solution will recover or even surpass its original viscosity. It is
therefore important when comparing viscosity measurements of CMC
solutions to compare measurements made at the same time(s) after the initial
application of the shear force.
CO
o
o
Shear Rate
Figure 4: Pseudoplastic behavior ofCMC.
.constant shear
V)
o
o
CO
no shear
Time
Figure 5: Thixotropic behavior ofCMC.
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B. Viscosity
The viscosity of a fluid will increase as the attractive forces within the
fluid increase. Liquids are viscous by nature since a substance will exist as a
liquid when the internal attractive forces are sufficient. To quantify
viscosity, consider a volume of a fluid composed of adjacent parallel plates.
According to Newton's second law (F = ma), when the fluid is at rest, the
net force acting on the fluid is zero. If a shear force is applied, for instance,
as in Figure 6 to the top plate, a velocity gradient will result. The net internal
attractive forces act in the direction opposite the direction of the applied
shear force to oppose the motion of the plates in an attempt to restore the
fluid to its equilibrium rest position. The restoring force is known as the
frictional force. Viscosity may be defined as the friction within a fluid that
resists flow.
?
"fiiclion ^
* ^^
^-
velocity
"
applied
__
^^
^
~+^^
.^--'stationary plate ^^
Figure 6: Velocity gradient in a volume offluid.
n
The relationship between the viscosity coefficient, r\, the applied
shear force, a, and the shear rate, y, is as follows:
a = - rj y
The shear rate, y, is the velocity gradient. For CMC and other non-
Newtonian solutions, the velocity gradient is nonlinear and can be
expressed:
Y = dv / dy
The negative sign in the expression for the applied shear force, a, is required
since a is in the positive direction whereas the velocity decreases moving
away from the top layer making dv / dy negative.
The applied force (or shear stress), rj, is the force per unit area. In SI
units, the shear stress, the viscosity coefficient, and the shear rate are
9 9 11 1
expressed in units ofkg m /m , kg , and , respectively. In SI units,
viscosity is commonly expressed in Pascal seconds: 1 Pa s = 1 kg
m"1
s"1. In
cgs units, the shear stress, the viscosity coefficient, and the shear rate are
9 9 1
expressed in units of dynes , poise or dynes s , and , respectively.
The viscosity coefficient is often simply referred to as the viscosity. The
viscosities of the solutions prepared for this study are reported in units of
centipoise (cps).
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C. Metal-Ion Complexes
I. Lewis Acids andLewis Bases
A metal complex results from the interaction between a metal atom or
ion and at least one ligand. The metal acts as a Lewis acid, accepting a pair
of electrons; the ligand acts as a Lewis base, donating a pair of electrons:
M + :L -> ML
Ligands may be ionic or polar. For instance, the anti-cancer drug, "cis-
platinum"(Figure 7a) is a complex incorporating
Pt2+
cation as the metal,
two neutral ammine ligands, and two negatively charged chloro ligands.
Each Lewis acid and Lewis base can exist on its own.
NH3 NH3
CI'
CI
CI
CI
CI
""Fe
CI
CN
NC
NC^
'%**'..CN
rCN
CN
a) cis - [PtCl2(NH3)2J b)
[FeCl4]"
c)
[Fe(CN)6]4
Figure 7: Examples ofmetal complexes.
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2. CoordinationNumber
The coordination number (CN) refers to the number of ligand atoms
directly bound to the central metal of a complex. In Figure 7 a-c, the
coordination numbers for the complexes illustrated are 4 (square planar
geometry), 4 (tetrahedral geometry), and 6 (octahedral geometry),
respectively.
3. Number ofElectron Pair DonorAtoms in a Ligand
In the examples provided in Figure 7, each ligand possesses only one
electron pair donor atom. These ligands are termed monodentate (one-tooth).
Multidentate ligands possess more than one donor atom and are termed
bidentate, tridentate, tetradentate, and so on. When a multidentate ligand is
bound to the central metal atom, a ring structure is formed and the complex
is known as a chelate. Some examples of chelates incorporating multidentate
ligands are provided in Figure 8.
In general, there is a tendency for higher order multidentate ligands to
bind metal atoms or ions more tightly than monodentate or lower order
multidentate ligands. Specifically, the ability of a multidentate ligand to
form more stable complexes than multiple similar monodentate ligands is
known as the chelate effect.
14
Figure 8: Examples ofmetal chelates.
%^
Mg
o o
a) [Mg(ox)]
H2 H2
^N
r
x /
Cd
^/ VN N
H2 H2
b) [Cd(en)2]
2+
c)
[Co(edta)]"
Ligands:
ox = oxalate dibasic anion
en = ethylenediamine
edta = ethylenediamine-NNN'N'-tetraacetic acid
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4. Competition between ComplexingAgents
In most cases, the solutions made for this study contain two
competing complexing agents. First, there is the complexing agent (e.g.:
acetate, oxalate, etc.) added to the aluminum (or chromium) trichloride
solution for the purpose of delivering the trivalent cation slowly to the
system. Second, there are the anionic sites of the CMC itself at which
crosslinking of the polymer may occur.
Consider the first complexing agent and the equilibrium established
between the metal cation and the selected ligand. As illustrated in Figure 7,
more than one ligand may bind to each metal cation. The equilibrium
equations and the overall formation constants, |3i, may be expressed as
follows:
M + L <-> ML pi = [MLJ/[M][L] (1)
M + 2L <- ML2 p2 = [ML2]/[M][L]2 (2)
M + 3L <-> ML3 p3 = [ML3J / [M][L]3 (3)
M + nL <-> MLn P = [MLn] / [M][L]n (4)
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The fraction ofmetal cation that remains uncomplexed can be written:
aM = [M] / CM (5)
where [M] is the concentration of uncomplexed metal and Cm is the total
concentration of metal in all forms, complexed or uncomplexed. CM can be
expressed:
CM=[M] + [ML] + [ML2] + [ML3J + - + [MLnJ (6)
From Equations (1) through (4), the following expressions can be written:
[ML] = p![M][L] (7)
[ML2] =
P2[M][L]2
(8)
[ML3] =
P3[M][L]3
(9)
[MLn] =
pn[M][L]n
(10)
Equation (6) may now be rewritten:
CM = [M] + Pi[M][L] +
P2[M][L]2 + P3[M][L]3 + - + P[M][L]n (1 1)
or
CM = [M] { 1 + PiCLJ +
P2[L]2 + p3[L]3+ - + pn[L]n } (12)
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Substituting (12) into Equation (5) provides the following expression:
aM = [M] / [M] { 1 + pT[L] + p2[L]2 + p3[L]3 + - + pn[L]n } (13)
or
aM = 1 / { 1 + Pi[L] +
P2[L]2 + p3[L]3 + - + pn[L]n } (14)
The formation of a metal complex may be considered as the stepwise
addition of ligands as follows:
M + L <-> ML Kj = [ML]/[M][L] (15)
ML + L <- ML2 K2 = [ML2] / [ML][L] (16)
ML2 + L <-> ML3 K3 = [ML3] / [ML2] [L] (17)
MLn + L <-> MLn+1 Kn+1 - [MLn+1] / [MLn][L] (18)
The overall formation constants, P;, can be found from the stepwise
formation constants Kj. To find the expression for p3, for instance, Equation
(3) may be rewritten, multiplying both the numerator and denominator by
[ML][ML2]:
P3 = [ML3] [ML][ML2] / [M][L]3[ML][ML2] (19)
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Rearranging Equation (19) provides the following expression:
P3 = [ML] / [M][L] [ML2] / [ML][L] [ML3] / [ML2] [L] (20)
or
p3 = K!K2K3 (21)
The general expression for pn is:
P = K! K2 K3 - Kn (22)
The quantity, aM, the fraction of metal cation which remains
uncomplexed, depends on the complexing agent selected. Therefore, the
amount of trivalent cation that is available for crosslinking also depends on
the complexing agent selected. A key objective for this project was to find
complexing agents that could satisfy two requirements. First, the complexing
agent must bind the trivalent cation tightly enough to deliver the cation
slowly to the CMC solution and prevent precipitation of the polymer.
Second, the complexing agent must bind the trivalent cation loosely enough
to allow sufficient cation to be available to participate in crosslinking across
anionic sites along the CMC chains.
19
III. EXPERIMENTAL
A. Two Related Projects
The primary focus of this study was to investigate the effect of adding
trivalent cations to solutions of CMC. In addition, a preliminary set of
experiments were performed to assess and reduce the variability in viscosity
due to fluctuations in temperature, that is, the temperature of each solution at
the time viscosity was measured. The solutions for both the viscosity
variability portion and the trivalent cation portion of this study were made in
the same manner.
B. Preparation of the Solutions
I. Addition ofCMC
The total volume of each CMC solution was 500 mL. All solutions
were prepared at a concentration of 1 .0 g CMC / dL with type 7HOF sodium
caroboxymethylcellulose supplied by Aqualon Company. The target degree
of substitution of this type of CMC is 0.70 (actual range: 0.65 to 0.95).
Further information regarding this type and grade of CMC is to be found in
9 fy
the masters theses of both Beverly S. Waller and Therese Lorenz. The
CMC was sprinkled into an initial volume of distilled water over a period of
approximately 5 minutes at an initial mixing speed of 900 rpm. As more
CMC was added, the mixing speed was gradually ramped to 2100 rpm. The
total mixing time is defined as the time from the finish of the rpm ramp until
the mixer was turned off. The total mixing time was 120 minutes. The
20
mixing device was a G. K. Heller mixer, Model HST20N, which is
predominantly a flow mixer. Detailed information regarding the Heller
mixer is to be found in the thesis ofBeverly S. Waller.
2. Addition ofSalt or Salt/ChelatingAgent Solution
For the solutions containing Mg cation for the viscosity variability
portion of this study, MgCl2-6H20 was added as a solid to the CMC solution
at 60 minutes into the total mixing time. The rationale for waiting 60
minutes before adding the salts to the CMC solution was to allow adequate
time for the CMC to become hydrated before allowing chain extension or
crosslinking to occur as a result of salt addition. (See Theory sections 5, 6,
and 7.)
For all CMC solutions containing trivalent cation, a second solution
containing the trivalent salt was prepared. In the case of the A1C13 only
series and the A1C13 plus citric acid series, the volume of each salt solution
was 100 mL. For the remaining series, the volume of each salt solution was
200 mL. The trivalent salt solution was added to the CMC solution at 60
minutes into the total mixing time. In some cases, the trivalent salt solution
also contained a chelating agent. Figure 9 depicts the chelating agents used
in this study.
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Figure 9: Chelating agents used in this study.
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Eight series of CMC solutions containing trivalent cations were
prepared: 1) A1C13-6H20, aluminum chloride hexahydrate, only;
2) A1C13-6H20 plus citric acid; 3) A1C13-6H20 plus EDTA; 4) A1C13-6H20
plus DL-malic acid; 5) A1C13-6H20 plus oxalic acid dihydrate;
6) CH3C02Al(OH)2-l/3H3B03, basic aluminum acetate, stabilized with boric
acid; 7) [Cr(H20)4Cl2]Cl-2H20, chromium (III) chloride hexahydrate, plus
oxalic acid dihydrate; and 8) (CH3C02)7Cr3(OH)2, chromium (III) acetate
hydroxide. For each series of solutions containing both trivalent salt and
chelating agent, the molar ratio of chelator to trivalent cation was 1:1.
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3. Adjustment ofSalts SolutionpHandFinal SolutionpH
In some cases, the pH of the salts solution was adjusted prior to
addition to the CMC solution. For the EDTA series, the A1C13-6H20 plus
EDTA solutions were adjusted to pH 7.0. For the malic acid series, the
AlCl3-6H20 plus malic acid solutions were adjusted to a specific pH in the
range of 3.0 to 7.0. For the two oxalic acid series, the AlCl3-6H20 plus
oxalic acid solutions and the [Cr(H20)4Cl2]Cl-2H20 plus oxalic acid
solutions were adjusted to pH 4.0. The only exceptions were two
AlCl3-6H20 plus oxalic acid solutions: the pH was adjusted to 7.0.
For the A1C13 only series, the AlCl3-6H20 plus citric acid series, the
basic aluminum acetate series, and the chromium (III) acetate hydroxide
series, the pH of the salts solution was not adjusted. The pH was not
recorded for the A1C13 only salt solutions or for the AICI3 plus citric acid
solutions. The pH of the basic aluminum acetate solutions ranged from 5.2
to 5.3. The pH of the chromium (III) acetate hydroxide solutions ranged
from 3.9 to 4.2.
A second pH adjustment was made in preparing the CMC solutions
for this study. The final pH of each completed CMC solution was adjusted to
7.0 within the last 50 minutes ofmixing.
A Fisher Scientific handheld pH meter, Model 1003 (Accumet) with a
combination electrode, was used to make the salts solution and final CMC
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solution pH adjustments. The pH adjusting solutions were various
concentrations of sodium hydroxide and hydrochloric acid.
C. Storage of Solutions
To deter degradation of the CMC, the final solutions were stored in a
cold room. Autoclaving was not selected as a preservation method to avoid
adding another variable that might affect viscosity.
D. ViscosityMeasurements
The viscosity of each CMC solution was measured within a period
between two weeks and six weeks after the solution was made. Viscosity
was measured using a Brookfield Digital Viscometer, Model RVT DV-II.
Since an increase in temperature lowers the viscosity of a CMC solution, a
water bath was used to bring each solution as close as possible to the target
temperature of24.0C prior to measuring the viscosity.
For the viscosity variability portion of this study, viscosities were
measured at a setting of 20 rpm or 50 rpm using Spindle A (#91). Twenty-
one readings were taken and averaged beginning 4.0 minutes after the
viscometer motor was turned on and then every 30 seconds thereafter.
For the trivalent salt portion of this study, viscosities were measured
at a setting of 0.5 rpm or 10 rpm using Spindle A. Twenty readings were
taken and averaged beginning 4.0 minutes after the viscometer motor was
turned on and then every 10 seconds thereafter.
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The actual method used in this study for measuring viscosity involves
placing a spindle (Figure 10) in the solution. The spindle is attached to a
beryllium copper spring and rotated at a constant angular velocity by means
of an electric motor. The viscosity is calculated by the instrument and is
proportional to the extent to which the spring is wound as a result of its
rotation in the solution.
Figure 10: Apparatus for measuring viscosity.
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For the trivalent salt portion of this study, the viscosities of most
solutions were measured at a spindle setting of 10 rpm. However, in some
instances, solutions were so viscous that it was necessary to adjust the
spindle speed to the viscometer's lowest setting of 0.5 rpm. To make a more
valid comparison between solutions measured at 10 rpm and solutions
measured at 0.5 rpm, a crossover set of data was obtained. The data are
plotted in Figure 1 1 . The regression equation was used to convert data taken
at 0.5 rpm to data calibrated to 10 rpm. For solutions for which the viscosity
was calculated rather than measured directly at 1 0 rpm, the sample standard
deviation of the viscosity measurements is not provided in the Appendix
Tables.
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IV. RESULTS AND DISCUSSION
A. Viscosity Variability Study
1. Initial Assessment ofVariability
The study of viscosity as a function of temperature came about as a
result of monitoring viscosity as a function of age of solution. Lorenz
reported6
measuring the viscosity of each CMC solution between 2 and 6
weeks after the solution was made. Lorenz found that viscosity was stable
during this period of time, whereas in the period before 2 weeks, viscosity
tended to adjust to equilibrium.
Since trivalent salt addition had not been investigated prior to this
study, two solutions containing
Al3+
cation were prepared as well as two
9+
check solutions containing Mg cation. The viscosity of each of these four
solutions was monitored as a function of age of solution to be sure that
viscosity measurements to be reported could safely be made within the four-
week window. The solutions containing Al cation were made at ionic
strengths of 0.05 and 1.0 (based on A1C13 only), and the solutions containing
Mg2+
cation were made at ionic strengths of 6.0 and 8.0 (based on MgCl2
only). The data are plotted in Figures 12a-b and tabulated in Appendix
Tables A-D. The viscosities for these solutions were measured at spindle
rotation settings of 20 rpm for the MgCl2-containing solutions and 50 rpm
for the AlCl3-containing solutions.
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As seen in Figures 12 a-b, there is no obvious increase or decrease in
the viscosities of the solutions between 2 and 6 weeks; however, there is a
fair amount of overall variability in the viscosity measurements. In this
region of relatively low viscosity (less than 2000 cps), this amount of
variability was a concern.
When viscosities were inspected in terms of the temperature of each
solution at the time viscosity was measured, it appeared that a significant
proportion of the overall variability could be attributed to fluctuation in
temperature. For a period of time, the constant temperature bath was not
working properly; the problem was later corrected. Sample data illustrating
this influence of temperature on viscosity are plotted in Figure 13. The
number positioned next to each data point is the temperature of the solution
in degrees Centigrade.
30
1400
1200
a 1000
(0
o
co 800
600
400
A A
^ A
. D
DD
?
a a
O D D
o o o o
o
o o o e_o.
o o
5 10 15 20
Age of solution (days)
o
25
o DAH-023
? DAH-025
DAH-027
A DAH-032
Figure 12a: Viscosity as afunction ofage ofsolution, Days 0-25.
(UnmodifiedData)
ViscosityMeasurements:
Solutions DAH-023 and DAH-027 at a spindle speed of 50. rpm.
Solutions DAH-025 and DAH-032 at a spindle speed of20. rpm.
Solution Key:
DAH-023: CMC with AlCl3/citric acid; Ionic Strength = 1 .0 (based on A1C13 only)
DAH-025: CMC with MgCl2; Ionic Strength = 6.0 (based on MgCl2 only)
DAH-027: CMC with A1C13; Ionic Strength = 0.05 (based on A1C13 only)
DAH-032: CMC withMgCl2; Ionic Strength = 8.0 (based on MgCl2 only)
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Figure 12b: Viscosity as afunction ofage ofsolution, Days 25-50.
(UnmodifiedData)
Viscosity Measurements:
Solutions DAH-023 and DAH-027 at a spindle speed of 50. rpm.
Solutions DAH-025 and DAH-032 at a spindle speed of 20. rpm.
Solution Key:
DAH-023: CMC with AlCl3/citric acid; Ionic Strength = 1 .0 (based on A1C13 only)
DAH-025: CMC with MgCl2; Ionic Strength = 6.0 (based on MgCl2 only)
DAH-027: CMC with A1C13; Ionic Strength = 0.05 (based on A1C13 only)
DAH-032: CMC with MgCl2; Ionic Strength = 8.0 (based on MgCl2 only)
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Figure 13: Influence oftemperature ofthe solution on viscosity.
Solution Key:
DAH-027: CMC with A1C13; Ionic Strength = 0.05 (based on A1C13 only)
33
2. Normalization Factorfor the Al
H
-containing CMCSolutions
It was decided to quantitatively determine the dependence of viscosity
on solution temperature so that this source of viscosity variability could be
factored out. The ultimate goal was to achieve a decrease in the overall
variability of the viscosities of all four solutions that were monitored for six
weeks. Two separate normalization factors were required: one for the Al -
containing solutions and one for the Mg2+-containing solutions. Each
normalization factor must represent the viscosity range of the measurements
to be normalized. In addition, each normalization factor must be obtained
using the same spindle speed as the data from the six week monitoring
period.
To determine the normalization factor for the Al3+-containing
solutions, DAH-023 and DAH-027, seven additional solutions representing a
range of viscosities from 572 cps to 933 cps at 25.0 C were selected from a
collection of CMC solutions. For each of these solutions, the viscosity was
measured at a range of temperatures from approximately 15 C to approxi
mately 30 C. A solution's viscosity at 25.0 C will be referred to as the
solution's standard viscosity. Sample data for one of the solutions are
provided in Table 1 and Figure 14. From the slope of each of the seven plots
obtained, the dependence of viscosity on temperature was determined in
units of change in cps perC.
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The data for all seven solutions are summarized in Table 2. These data
are referred to as the "572-933 cps / 50 rpm Set." The average change in
viscosity per C (the normalization factor) is -24.605 cps/C with a standard
deviation of 1.323 cps/C.
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Table 1: Viscosity as afunction oftemperature ofsolution.
Solution: DAH-028, AlCl3, Ionic strength 0.005 (See Table 2.)
Temperature Viscosity Temperature Viscosity
(C) (cps) (C) (cps)
15.4 1174.5 22.4 969.4
16.3 1146.5 24.3 925.8
17.3 1116.0 23.45 941.6
18.3 1080.0 28.55 817.4
19.35 1050.0 27.05 846.4
20.1 1030.0 26.15 872.0
Figure 14: Viscosity as afunction oftemperature ofsolution.
Solution: DAH-028
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1100
R- 1000
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900
800
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Table 2: Summary ofviscosity dependence on temperature data:
"572-933 cps 750 rpm Set. "
Solution Ionic Strength Salt Citric Acid? Vise @ 25.0C Slope
(cps) (Acps/C)
DAH-049 Control 807.1 -23.402
DAH-040 Control 815.7 -23.402
DAH-045 0.003 AICI3 Yes 871.3 -25.071
DAH-028 0.005 AICI3 Yes 903.7 -27.204
DAH-027 0.05 AICI3 Yes 714.5 -23.829
DAH-043 1.5 AICI3 Yes 572.0 -24.535
DAH-029 0.005 AICI3 No 932.6 -24.790
Avg (Acps/C) -24.605
Std Dev (Acps/C) 1.323
Above solutions made with Lot 13834 CMC.
Viscosities measured at a spindle speed of 50. rpm.
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3. Assessment ofVariability Inherent inMethod
To determine the variability inherent in the method (without the
variability contribution from changing solutions), the entire procedure of
measuring viscosity at various temperatures was carried out several times
using the same control (CMC-only) solution, DAH-040. The objective was
to compare the standard deviation for this set of data with the standard
deviation from the "572-933 cps / 50 rpm Set." Unfortunately, the data
showed an increase in standard viscosity for each subsequent trial. Clearly,
evaporation was an issue, making the methodology invalid. Interestingly,
however, the slope of each subsequent plot also increased in magnitude,
suggesting that the change in viscosity per C increases as the standard
viscosity increases.
In the next set of experiments, to be referred to as the "Samples of the
Same Solution / 50 rpm Set," five standard size (500 mL) control solutions
were made, poured into one container, blended together, and poured off into
five clean containers. The procedure of measuring viscosity at a range of
temperatures was carried out for each of the five samples of the same
solution. The data are summarized in Table 3. The standard viscosities
(1014 to 1022 cps) are greater than the standard visocosities of the
"572-933 cps / 50 rpm Set." The slope values are also greater in magnitude.
The average for the "Samples of the Same Solution / 50 rpm Set" is
-29.861 cps/C as compared to -24.605 cps/C for the "572-933 cps / 50 rpm
Set." These two averages are statistically different at the 95% confidence
level. The increase in the average slope supports the idea that the change in
viscosity per C increases as the standard viscosity increases. As expected,
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the standard deviation for the "Samples of the Same Solution / 50 rpm
Set"
is smaller than the standard deviation for the "572-933 cps / 50 rpm Set":
1.134 cps/C as compared to 1.323 cps/C.
It should be noted that the solutions summarized in Tables 2 and 3
were made with different lots of CMC. The CMC used for the
"572-933 cps / 50 rpm Set," Lot 13834, has an actual degree of substitution
(See Theory section 3) of 0.7, whereas the CMC used for the "Samples of
the Same Solution / 50 rpm Set," Lot 66197, has an actual degree of
substitution of 0.85. CMC with a higher degree of substitution would be
expected to produce solutions of greater viscosity. The higher degree of
substitution is likely the cause of the increase in standard viscosity of the
"Samples of the Same Solution / 50 rpm Set."
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Table 3: Summary ofViscosityDependence on Temperature Data:
"Samples ofthe Same Solution 7 50 rpm Set.
"
(1014 to 1022 cps at 25.0 C)
Solution Ionic Strength Salt Citric Acid? Vise @ 25.0C Slope
(cps) (Acps/C)
DAH-056a Control* 1020.4 -30.895
DAH-056D n 1016.7 -31.187
DAH-056C ir 1021.5 -28.988
DAH-056d M 1014.3 -28.643
DAH-056e II 1022.1 -29.593
Avg (Acps/C) -29.861
Std Dev (Acps/C) 1.134
Above solutions made with Lot 66187 CMC.
Viscosities measured at a spindle speed of 50. rpm.
* Ionic strength due only to the presence of CMC = 0.0041 1 .
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4. Dependence ofSlope on Standard Viscosity
To further test the idea that the change in viscosity per C increases
with an increase in standard viscosity, three additional solutions were
evaluated (Table 4). The three solutions have standard viscosities of 779 cps
(within the viscosity range of the "572-933 cps / 50 rpm Set"), 1120 cps
(similar to the viscosity range of the "Samples of the Same Solution / 50 rpm
Set"), and 1980 cps. The first of these solutions has a slope of -24.654
cps/C, very similar to the average slope of -24.605 cps/C for the "572-933
cps / 50 rpm Set" even though solution #057 was made with a different lot of
CMC. The second solution has a slope of -32.283 cps/C, similar to the
average slope of -29.861 cps/C for the "Samples of the Same Solution / 50
rpm
Set." The third solution has a slope of -30. 117 cps/C. One might have
expected the magnitude of this last slope to be greater; however, this
observation in the opposite direction than expected may simply be within
experimental error. Overall, the evidence supports the idea that an increase
in standard viscosity is accompanied by an increase in the magnitude of the
change in viscosity per C.
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Table 4: Summary ofviscosity dependence on temperature data:
"ThreeAdditional Solutions.
"
Solution Lot#
of CMC
Salt/
Complexing Agent
Viscosity @ 25.0C
(cps)
Slope
(Acps/C)
DAH-057 #66187 AICI3/EDTA 779 -24.654
DAH-088 #66187 AICI3/ oxalic acid 1120 -32.283
DAH-061 #66187 AICI3/ oxalic acid 1980 -30.117
Above solutions made with Lot 66187 CMC.
Viscosities measured at a spindle speed of 50. rpm.
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5. Normalization FactorforMg -containing Solutions
To determine the normalization factor for the two Mg -containing
solutions, DAH-025 and DAH-032, five additional CMC solutions with
standard viscosities similar to the Mg -containing solutions were obtained.
The viscosity versus temperature data (as with the age of solution data for
the Mg -containing solutions) were obtained at a spindle setting of 20 rpm.
The results of this "1065-1220 cps / 20 rpm Set" are provided in Table 5.
The average slope obtained for this set is -42.883 cps / C.
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Table 5: Summary ofviscosity dependence on temperature data:
"1065-1220 cps 720 rpm Set. "
Solution Ionic Strength Salt Chelator Vise @ 25.0C Slope
(cps) (Acps/C)
DAH-070 0.06555 AICI3 Oxalic acid 1114.2 -43.215
DAH-079 0.17320 AICI3 Malic acid 1065.3 -42.900
DAH-075 0.17005 AICI3 Malic acid 1219.6 -46.027
DAH-080 0.16990 AICI3 Malic acid 1109.0 -45.625
DAH-058 0.01059 AICI3 EDTA 1075.0 -41.647
Avg (Acps/C) -43.883
Std Dev (Acps/C) 1.874
Above solutions made with Lot 66187 CMC.
Viscosities measured at a spindle speed of 20. rpm.
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6. Normalization ofAge ofSolution Data
The appropriate average slope or "normalization factor" was applied
to the age of solution data of each of the four Al -containing or Mg -
containing solutions. Normalized data are plotted with the original data in
Figures 15 a-d. In Tables 6 a-b, a numerical comparison is made. The
standard deviation was determined for each unmodified data set and for each
normalized data set. For the first three solutions, the standard deviation fell
from 29.0 to 22.0 cps, from 56.7 to 45.8 cps, and from 30.1 to 15.9 cps.
Normalizing the data to factor out the effect of fluctuating temperature
resulted in a decrease in overall variability of the viscosity data for these
three solutions.
For the last solution, DAH-032, the standard deviation increased from
59.3 cps to 67.8 cps. This solution was made later than the other solutions,
and a greater portion of the viscosity measurements were made after the
constant temperature bath was repaired and the temperature fluctuation was
diminished. For this solution, normalization of the data was unnecessary,
and in fact, inappropriate. The increase in standard deviation can likely be
attributed to the introduction of added variability inherent in the
normalization procedure.
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Figure 15a: Unmodified and normalized data: Solution DAH-023.
Solution Key:
DAH-023: CMC with AlCl3/citric acid; Ionic Strength = 1.0 (based on A1C13 only)
46
Solution: DAH-025
1400
1200 H
(0
Q.
O 1000
>
4-
(0
o 800
o v
(0
600
400
ifl"
-.
2"
B aaa nn
0
unmodified
o normalized
5 10 15 20
Age of Solution (days)
25
Figure 15b: Unmodified and normalized data: Solution DAH-025.
Solution Key:
DAH-025: CMC with MgCl2; Ionic Strength = 6.0 (based on MgCl2 only)
47
Solution: DAH-027
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Figure 15c: Unmodified and normalized data: Solution DAH-027.
Solution Key:
DAH-027: CMC with A1C13; Ionic Strength = 0.05 (based on A1C13 only)
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Figure 15d: Unmodified and normalized data: Solution DAH-032.
Solution Key:
DAH-032: CMC with MgCl2; Ionic Strength = 8.0 (based on MgCl2 only)
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Table 6a: Variability summary for unmodified data.
Age of
Solution
(days)
DAH-023
Viscosity
(cps)
DAH-025
Viscosity
(cps)
DAH-027
Viscosity
(cps)
DAH-032
Viscosity
(cps)
0 624 1306 717 1289
1 1170 1339
2 658 1303
3 577 1027 707 1324
4 580 1097
63 763
64 1135
65
66
67 661
Avg (cps) 618.1 1150.8 741.0 1245.3
Std Dev (cps) 29.0 56.7 30.1 59.3
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Table 6b: Variability summaryfor normalized data.
Age of
Solution
(days)
DAH-023
Viscosity
(cps)
DAH-025
Viscosity
(cps)
DAH-027
Viscosity
(cps)
DAH-032
Viscosity
(cps)
0 1259.3 660.4 1284.1
1 1113.4 1331.6
2 667.8 1263.6
3 547.5 1051.6 662.7 1257.6
4 523.4 1052.7
63 686.7
64 1058.7
65
66
67 584.7
Avg (cps) 567.2 1061.6 688.9 1145.2
Std Dev (cps) 22.0 45.8 15.9 67.8
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B. Trivalent Salt Study
1. Ionic Strength
The viscosities of the CMC solutions were assessed in terms of ionic
strength. The formula for ionic strength, ju, is as follows:
[1 = JvZCjZj
where ct andz, are the concentration and charge of the z'th ionic species.
2. AICI3 Only Series
T_l_
For the first trivalent salt series of CMC solutions, Al cation was
added as a solution of A1C13 only. In an attempt to add the salt solution
slowly to the CMC solution, the A1C13 was dissolved in 100 mL of distilled
water and added dropwise. The data (Figure 16 and Appendix Table E) show
that viscosity increases as ionic strength and Al concentration increase.
Beyond an ionic strength of 0.022, precipitation of what is presumed to be
the polymer occurred. For the solution of ionic strength 0.028, faint strands
of precipitate were observed to form at the location of addition of the drops
ofA1C13 solution. Beyond this ionic strength, localized precipitation became
more pronounced. The second to last data point at 0.022 ionic strength
represents a solution with a viscosity similar to that of honey. High ionic
strength and very viscous solutions on the order of stiff gels were not to be
obtained by adding A1C13 alone.
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Figure 16: CMC solutions withAl added as a solution ofAlCU only.
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3. AlCl3 plus CitricAcid Series
For the second series of CMC solutions (Figure 17 and Appendix
Table F),
Al3+
cation was added as a solution of AICI3 plus citric acid. One
of the difficulties encountered was the dramatic drop in the pH of the CMC
solution, as low as 0.8, once the AICI3 plus citric acid solution was added.
The overall solution became exceedingly viscous; stirring was difficult and
ineffective until the pH was adjusted above approximately 2.8.
Addition of citric acid as a chelating agent for
Al3+
cation was much
more effective than adding A1C13 alone with regard to incorporating the
aluminum into the CMC solution without precipitation of the polymer. The
ionic strengths are dramatically higher for this second set of solutions as
compared to the AICI3 only set. The reason for the marked increase in ionic
strength compared to the more modest increase in Al molarity is the
contribution to ionic strength by both the citric acid and the NaOH required
to adjust the final solution pH to 7.0. For instance, the solution with an ionic
strength of 4.14 would have an ionic strength of2.00 based on A1C13 only.
The desired upward trend in viscosity with increasing ionic strength
and
Al3+
concentration was not observed. Overall, the trend was in the
opposite direction. Two contributing factors must be considered. Citric acid
is a tridentate ligand. As such, it is possible citric acid simply binds the
Al3+
cation too tightly so that the equilibrium position between trivalent cation
held by the chelator and trivalent cation released to the solution (at which
point crosslinking is possible) is unfavorable. (See Theory section C4.)
Another factor that must be considered is the addition of substantial amounts
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of NaOH. The effect of adding monovalent
Na+
cations may have
outweighed the effect of adding trivalent
Al3+
cation. (See Theory sections
A5 and A7.)
The pK values for citric acid are: 3.13, 4.76, and 6.40. For the CMC
solution of greatest ionic strength, the pH of the CMC solution after addition
of the AICI3 plus citric acid solution but prior to pH adjustment was 0.8. At
this pH, citric acid is almost 100% in the H3A form. For the CMC solution
of lowest ionic strength, the pH of the CMC solution prior to adjustment was
5.6. At this pH, citric acid is 77% in the
HA2"
form, 11% in the H2A form,
and 12% in the
A3"
form.
As will be detailed in the discussion of the oxalic acid series that
follows, adjusting the oxalic acid plus AICI3 solution to pH 4.0 rather than
pH 7.0 was necessary to achieve high viscosity CMC solutions. It is doubtful
that adjusting the pH of the citric acid plus A1C13 solutions prior to addition
to the CMC solutions would have been fruitful. No further investigation
along these lines was taken for three reasons. First, adjusting the citric acid
plus A1C13 solutions to a higher pH would be in the opposite direction to that
which yielded success for the oxalic acid series. Second, a monodentate or
bidentate ligand would be expected to provide higher viscosity CMC
solutions than those obtained using the tridentate ligand citric acid since
mono- and bidentate ligands would be expected to bind the
Al3+
cation less
tightly. Finally, other ligands might not lower the pH so drastically and
require as much monovalent cation (from the NaOH) to be added to readjust
the final solution pH up to 7.0.
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Figure 1 7: CMC solutions with Al added as a solution of
AlCUplus citric acid.
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4. AlCl3plus OxalicAcid Series
Two CMC solutions containing A1C13 and oxalic acid (Figure 18 and
Appendix Table G) were prepared by adjusting the salts plus chelator
solution to pH 7.0. All other CMC solutions were prepared by adjusting the
salts plus chelator solution to pH 4.0.
Adjusting the AICI3 plus oxalic acid solution to pH 7.0 resulted in low
viscosity CMC solutions (designated "Salts adjusted to pH
7.0" in
Figure 18) on the order of 3000 cps even at high ionic strength and high
Al3+
molarity. As the pH was adjusted beyond pH 4.0 to pH 7.0, the salts plus
chelator solution became increasingly cloudy. Unlike other final solutions of
the series, these two CMC solutions were more homogeneous. The
dumpiness of other CMC / A1C13 / oxalic acid solutions was absent; the
consistency was very smooth though the appearance was still hazy. At pH
7.0, approximately 100%) of the oxalic acid is in the A
"
form.
For the rest of the series, with salts plus chelator solutions adjusted to
pH 4.0, there is a strong trend toward increasing viscosity with increasing
ionic strength /
Al3+
concentration. At pH 4.0, 65% of the oxalic acid is in
the HA form and 35% is in the A
"
form. Viscosities as high as 16,000 cps
were achieved. A possible explanation for the success by adjusting the salts
solution to pH 4.0 over adjusting to pH 7.0 is that the oxalic acid binds the
Al3+
cation less tightly in the HA form than in the
A2"
form. Perhaps the
oxalic acid in the
HA"
form binds the
Al3+
cation as a monodentate ligand.
Or, what Al cation is bound to the oxalic acid has a better chance of being
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replaced by
FT"
since at pH 4.0, the hydronium ion concentration is 10 times
greater than at pH 7.0.
One further CMC solution worth mentioning is the solution to which
excess NaOH was used to adjust the pH. The solution is nearly identical to
the solution marked by the arrow (Figure 18). The one difference is that
instead of 9.8 mL of 0.5 M NaOH, 20.9 mL of 0.5 M NaOH and 10.4 mL of
0.5 M HC1 were used to adjust the final solution pH to 7.0. The drop in
viscosity compared to the solution that was adjusted properly is dramatic. It
is likely that the decrease in viscosity is due to the presence of excessive
monovalent
Na+
cations. (See Theory sections A5 and A7.) It was also
observed for all CMC / A1C13 / oxalic acid solutions that as the final solution
pH was adjusted up to 7.0, viscosity decreased somewhat.
Complexes of aluminum with coordination numbers of 3, 4, 5, and 6
are
known.7 For the solutions prepared in this study, oxalic acid was added
in a molar ratio of 1 : 1 with Al cation. It can therefore be assumed that the
aluminum / oxalic acid complexes in these CMC solutions are not all
saturated with oxalic acid. There may be a distribution of the complexes
Al(ox), Al(ox)2, and Al(ox)3. In future work, it might be interesting if a
method could be devised, to determine the actual distribution of aluminum
complexes. It might also prove interesting to determine the effect on the
viscosity of the CMC solutions of varying the molar ratio of oxalic acid to
Al cation.
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Figure 18: CMC solutions with Al added as a solution of
AlCUplus oxalic acid.
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5. AlCl3plusMalic Acid Series
Five CMC solutions containing AICI3 and malic acid as the chelating
agent were prepared. For each solution, the concentration of
Al3+
cation was
0.017 M and the ionic strength, 0.17. Based on the results of the oxalic acid
series, this concentration of
Al3+
cation should have been more than
adequate to yield CMC solutions of high viscosity. Since the pH of the salts
plus chelating agent solution proved to be crucial for the oxalic acid series,
the AICI3 plus malic acid solutions for this set were adjusted to a range of
pH values: 3.0, 3.4, 4.0, 4.75, and 7.0. The distribution of malic acid in its
various forms at these pH values is profiled in Table 7.
The viscosity data (Figure 19 and Appendix Table H) indicate that the
most viscous CMC solution was obtained at the lowest salts plus chelator
solution pH of 3.0, with 71% of the malic acid in the H2A form. These
results are similar to those obtained with oxalic acid in that a higher degree
of protonation of the chelator appears to be favorable toward obtaining the
most viscous CMC solutions. The maximum viscosity achieved with malic
acid as the chelating agent (approximately 2,000 cps) is not, however, on par
with the maximum viscosity achieved with oxalic acid (approximately
16,000 cps). Interestingly, malic acid and oxalic acid are both bidentate
ligands.
The literature was searched for stability constants in an effort to
support the assertion that malic acid is not a satisfactory chelating agent
because insufficient
Al3+
is released by the chelator to become available for
crosslinking. In general, it would be expected that the stability constant for
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Al complexed with malic acid would be greater than the stability constant
for Al3+ complexed with oxalic acid. Values for Al3+ complexed with oxalic
acid were available, but values for Al complexed with malic acid were not
found. One further difficulty using stability constants to explain the results
of this study was encountered. Since the distribution of possible chelated
species (ML, ML2, and ML3) in these solutions is unknown, there is also the
question whether to compare stability constants for complexes in which the
molar ratio of chelating agent to trivalent cation is 1 : 1 , 2: 1 , or 3 : 1 .
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Table 7: Distribution offorms ofmalic acid as afunction ofpH.
@pH3.0 71%H2A 28% HA 0%
A2"
@pH3.4 49% H2A 49%
HA" 1%A2"
pK! = 3.40
@ pH 4.0 19%H2A 75%
HA"
7%
A2"
@ pH 4.75 3% H2A 65%
HA"
32%
A2"
pK2 = 5.05
@ pH 7.0 0% H2A 1%HA 99%
A2"
62
(0
a.
o
2200
2000
1800
'"S 1600
o
u
to
> 1400
1200
1000
2.0
AICI3 plus Malic Acid Series
3.0 4.0 5.0 6.0 7.0
pH of AICI3 + Malic Acid Solution
8.0
i3+
Figure 19: CMC solutions with Al added as a solution of
AlCUplus malic acid.
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6. AlCl3plus EDTA Series
Five CMC solutions containing A1C13 and EDTA as the chelating
agent were prepared. The data (Figure 20 and Appendix Table I) indicate a
decrease in viscosity with increasing ionic strength, similar to the results
obtained with citric acid.
One noteworthy difference between the two series is that only very
low ionic strength solutions could be achieved with EDTA due to the low
solubility of the chelating agent in its fully protonated form. The much more
soluble sodium salt of EDTA is available; however, it is likely that the
additional
Na+
monovalent cations would have countermanded the effect of
adding Al trivalent cations. (See Theory sections A5 and A7 and
Discussion section 2.)
As with the citric acid series, the decrease in viscosity may be
attributed to two factors. First, there is the increase in
Na+
cations. As ionic
strength and EDTA concentration increase, the amount ofNaOH required to
bring the final CMC solution pH up to 7.0 increases. It should be noted,
however, that
Na+
concentrations are much lower for the EDTA-containing
solutions than for the citric acid-containing solutions, as evidenced by the
much lower ionic strengths of the EDTA series.
Second, the equilibrium position between Al cation chelated by the
EDTA and
Al3+
cation released to the solution may be unfavorable. EDTA is
a high order multidentate ligand (up to CN = 6 is possible) and therefore has
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a tendency to bind a metal ion more tightly (have a larger stability constant)
than a lower order multidentate or monodentate ligand.
For this series, the A1C13 plus EDTA solutions were adjusted to pH
7.0 before addition to the CMC solutions. At this pH, EDTA
(H6Y2+
in its
fully protonated form) is primarily in the
HY3'
(87%) and
H2Y2"
(13%)
forms. Given the importance of the pH of the salt plus chelator solution, as
evidenced in the oxalic acid series, an argument might be made for adjusting
the A1C13 plus EDTA solutions to a lower pH to see if viscosities of the
CMC solutions could be increased. Recall that high viscosity solutions were
obtained for the oxalic acid series when oxalic acid was added
predominantly in the
HA"
form, but not when oxalic acid was added
exclusively in the A
"
form. This path of investigation was not pursued based
on both the solubility issue of EDTA and also the tendency for EDTA to
form overly (for our purposes) stable chelates with metal ions.
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Figure 20: CMC solutions withAl added as a solution of
AICI3plus EDTA.
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7. Aluminum Acetate Series
The CMC solutions containing basic aluminum acetate,
CH3C02Al(OH)2-l/3H3B03, were even more viscous, up to approximately
24,000 cps (Figure 21 and Appendix Table J), than those obtained using
oxalic acid in combination with
Al3+
cation. Like the solutions of the oxalic
acid series, these solutions were hazy. Unlike any other series, flocculation
was observed in each of the solutions containing alumimum acetate. The
strands of precipitate were on the order of only 2 or 3 mm and did not
prevent the measurement of viscosity. It should be noted that the strands of
precipitate observed in the solutions of the A1C13 only series were finer and
longer.
As acetate is a monodentate ligand, the empirical evidence is in
agreement with the notion that acetate binds the Al3+ cation less tightly than
the other (multidentate) ligands used in this study, resulting in the greatest
proportion of
Al3+
available for crosslinking at equilibrium and, ultimately,
the most viscous solutions. Unfortunately, the flocculation may be
unacceptable in prospective pharmaceutical products. The phenomenon may
be the result of the formation of octahedral aluminum hydroxide complexes
o
that can in turn form OH-bridged complexes. The bridged complexes are
capable ofnucleating on fine, suspended particles.
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Figure 21: CMC solutions with Al added as a solution of
basic aluminum acetate.
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8. Chromium (III) Chlorideplus Oxalic Acid Series
Addition of chromium (III) chloride in combination with oxalic acid is
very effective in achieving high viscosity CMC solutions (Figure 22 and
Appendix Table K). In fact, the highest viscosity solutions of this set, on the
order of 30,000 cps, exceed the maximum results of both the A1C13 plus
oxalic acid series and the aluminum acetate series.
Possible explanations why
Cr3+
cation is even more effective than
Al3+
cation in conjunction with oxalic acid in achieving high viscosity CMC
solutions may involve the difference in charge density of the cation or
atomic orbitals available for bonding. The crystal ionic radii reported9for
Al3+
and
Cr3+
are 0.50 A and 0.64 A, respectively. Aluminum is a Period 3,
p group element whereas chromium is a Period 4 transition metal.
A possible suggestion for future work, with the goal of exploring the
effect of ionic radius and charge density on crosslinking, might include
preparing separate series of CMC solutions using the same chelating agent
but different trivalent cations of the same group of the Periodic Table. For
instance, aluminum, gallium, and indium could be selected or chromium,
molybdenum, and tungsten so long as the appropriate compounds were
commercially available and stable with regard to oxidation.
Chromium complexes are almost exclusively
hexacoordinate.7 As in
the
Al3+
plus oxalic acid series, the 1:1 molar ratio of bidentate chelating
agent to trivalent cation is not sufficient to form complexes in which every
complex is saturated with oxalic acid. As suggested for aluminum plus
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oxalic acid, it might also be interesting in future work to explore the effect of
varying the molar ratio of oxalic acid to Cr .
Beyond an ionic strength of 0.02, there is a significant amount of
variability in the viscosity data. It appears this variability is due at least in
part to the method of measurement. Detemining the viscosities of the most
viscous solutions required using the lowest spindle setting of 0.5 rpm. The
procedure for adjusting these measurements to reflect a setting of 10 rpm
may be inadequate. (The calibration procedure is provided in Experimental
section D.) Using a smaller spindle with less surface area would have been
preferable if not for introducing yet one more variable.
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Figure 22: CMC solutions with Cr added as a solution of
chromium (III) chloride plus oxalic acid
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9. Chromium (III) Acetate Series
Solutions of this series gave no initial indication that high viscosities
could be achieved. The trend for data taken the day each solution was made
(Figure 23) is a decrease in viscosity with increasing ionic strength and
Cr3+
concentration. This initial trend may be explained by the characteristic of
chromium complexes of being rather kinetically inert. Ligand displacement
reactions of Cr (III) complexes may have half-times of several hours. The
trend for data taken after the usual two-week waiting period is dramatically
different (Figure 24 and Appendix Table L). Instead, there is a marked
increase in viscosity.
As suggested with the two oxalic acid series, possible explanations
why Cr cation is again more effective than Al cation in these two acetate
series may involve the difference in charge density of the two cations or
differences in atomic orbitals available for bonding (p block versus d block
elements).
Although efforts were made to be consistent in designing one series
for comparison with another, there are limitations due to commercial
availability of the chelated materials. For basic aluminum acetate,
CH3C02Al(OH)2, the ratio of ligand to metal ion is 1:1. For chromium (III)
acetate hydroxide, (CH3C02)7Cr3(OH)2, the ratio is 7:3, approximately
double. It is uncertain how this higher concentration of acetate anions may
affect the equilibrium between
Cr3+
cations remaining bound by non-CMC
ligands and Cr3+ cations crosslinked to the anionic sites of the CMC.
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V. CONCLUSIONS
A. Viscosity Variability Study
The results of this study show that the relationship between viscosity
and temperature can be determined for a specific viscosity range. This
information was used to normalize the viscosity measurements for the
viscosity versus age of solution data of four CMC solutions containing either
MgCl2 or A1C13. It was found that overall variability of the viscosity
measurements was reduced for three of the four solutions by factoring out
the variability due to differences in temperature of the CMC solution at the
time viscosity was measured.
For the fourth solution, the normalization procedure led to an increase
in variability. In this instance, unlike the situation of the other three
solutions, the constant temperature bath was under good control for a greater
proportion of the viscosity measurements. In this case, the normalization
procedure was inappropriate. The variability inherent in the normalization
procedure likely added to the overall variability of the data.
In conclusion, the procedure described in this study for minimizing
the error in viscosity measurements due to temperature fluctuation is a viable
method when temperature control is an issue. One caution is that an
appropriate normalization factor must be found for each viscosity range to
which the normalization is to be applied.
75
B. Trivalent Salt Study
The addition of
Al3+
cation, as a solution ofA1C13 only, to solutions of
CMC was ineffective in achieving CMC solutions of high viscosity.
Precipitation ofwhat is presumed to be CMC polymer was observed at low
ionic strengths / low Al concentrations. To afford slower addition of Al
cation so that precipitation of the polymer was prevented, subsequent CMC
solutions were prepared by adding trivalent cation either in combination
with a chelating agent or already in the form of a complex.
Although salt solutions of A1C13 plus citric acid provided CMC
solutions ofhigher ionic strength and
Al3+
concentration than CMC solutions
with AICI3 alone, viscosities of the CMC/AlCl3/citric acid solutions were
lower than viscosities of the CMC-only control solutions. As a tridentate
ligand, citric acid may bind Al cation too tightly to achieve a favorable
equilibrium between
Al3+
that remains incorporated as part of the original
metal chelate and
Al3+
that is released to the CMC solution to become
available for crosslinking with the polymer. Further, addition of citric acid is
problematic in that the pH of the CMC solution is lowered significantly. It
appears that the monovalent
Na+
cation required from the NaOH to adjust
the final solution pH back to 7.0 leads to chain extension and hence the
decline in viscosity.
Viscosity data for all but the two solution series discussed above are
summarized in Figure 25 as a function of ionic strength and in Figure 26 as a
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Figure 25: Comparison oftrivalent cation/chelating agent combinations as
afunction of ionic strength.
Note: The AICI3 only series and the AICI3 plus citric acid series are not included since
viscosity measurements for these two series were made at a different spindle rpm setting.
The results of these two series are similar to the results obtained for the EDTA and malic
acid series in that only low viscosity solutions were obtained.
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viscosity measurements for these two series were made at a different spindle rpm setting.
The results of these two series are similar to the results obtained for the EDTA and malic
acid series in that only low viscosity solutions were obtained.
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function of molarity of trivalent metal cation. CMC solution viscosities
decreased when AICI3 was added in combination with EDTA. As with the
citric acid series, this trend is likely the result of adding increasingly more
Na+
monovalent cation (from NaOH) with increasing chelator concentration
to adjust the final solution pH. One of the difficulties encountered with this
series was the low solubility of EDTA in its fully protonated form. The
sodium salt ofEDTA is commercially available; however, it is predicted that
the additional
Na+ ion would undermine the effect of adding trivalent cation.
Further, it is likely that EDTA, a hexadentate chelator in its fully
deprotonated form, simply binds
Al3+
too tightly to yield high viscosity
CMC solutions.
In terms of achieving high viscosity CMC solutions, the chelator plus
trivalent cation combination of oxalic acid and
Al3+
was very effective.
Oxalic acid plus Cr cation was even more effective. Viscosities of
CMC/Al3+/oxalic acid solutions leveled off at approximately 15,000 cps.
-5_i_
Viscosities of CMC/Cr /oxalic acid solutions reached 30,000 cps at
relatively low ionic strength and showed no sign of leveling off.
High viscosity CMC solutions were also achieved with acetate as the
chelating agent, whether in combination with
Al3+
cation or
Cr3+
cation.
Viscosities of CMC solutions as high as 24,000 cps were obtained with
aluminum acetate. Viscosities of solutions containing chromium acetate
appeared to still be climbing at approximately 28,000 cps. CMC solutions
containing aluminum acetate all contained some flocculation, due perhaps to
the presence of precipitated aluminum hydroxide complexes. Flocculation
was not observed in any CMC solution containing chromium acetate.
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Although malic acid and oxalic acid are both bidentate ligands, malic
acid did not yield high viscosity CMC solutions comparable to those
obtained with oxalic acid. If the ratio of chelator to metal ion in these
complexes were known and if the appropriate stability constants could be
found for comparison, one would expect the stability constant for
Al3+/malic acid to be greater than the stability constant for Al3+/oxalic acid.
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APPENDIX
Appendix Table A: Viscosity as afunction ofage ofsolution
Solution: DAH-023 (AICI3 /citric acid; Ionic strength 1.0)
Age of Solution
(days)
Viscosity
(cps)
Temperature
(C)
Standard Deviation
(cps)
0 623.6 4.2
3 576.6 23.8 2.3
4 579.6 22.7 3.3
6 543.2 24.8 2.7
7 575.8 23.1 2.7
10 569.9 25.6 2.0
11 610.1 24.6 2.0
12 602.5 24.7 3.2
13 607.2 24.4 1.6
14 620.4 22.3 2.5
17 610.1 23.2 2.4
18 614.3 22.3 2.0
19 642.5 21.4 2.0
20 640.4 21.3 2.5
21 624.0 23.3 2.5
24 622.5 22.7 2.4
25 614.1 22.6 2.4
26 621.3 22.5 3.4
28 658.3 21.7 3.5
31 597.3 24.2 2.6
32 625.0 22.4 2.5
35 647.8 20.9 2.4
38 618.9 22.8 1.9
40 638.5 21.5 3.0
42 635.4 23.4 2.9
46 630.9 23.3 1.9
49 651.4 22.6 2.3
54 665.5 22.3 2.7
67 660.6 21.9 2.9
Solution made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 50. rpm.
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Appendix Table B: Viscosity as afunction ofage ofsolution
Solution: DAH-025 (MgCl2, Ionic strength 6.0)
Age of Solution
(days)
Viscosity
(cps)
Temperature
(C)
Standard Deviation
(cps)
0 1306 23.1 11
1 1170 22.7 11
3 1027 26.0 9
4 1097 23.2 7
7 1058 25.5 4
8 1151 23.5 9
9 1136 24.7 7
10 1149 24.4 10
11 1163 22.3 8
14 1129 23.2 10
15 1114 22.3 8
16 1226 21.4 7
17 1186 21.3 6
18 1150 23.3 7
21 1151 22.6 12
22 1148 22.5 6
23 1137 22.7 9
25 1214 21.7 12
28 1094 24.2 10
29 1141 22.4 11
32 1233 20.9 8
35 1101 22.8 9
37 1123 23.1 12
39 1140 23.3 11
43 1121 23.2 7
46 1194 22.6 7
51 1227 22.3 11
64 1135 21.9 14
Solution made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 20. rpm.
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Appendix Table C: Viscosity as afunction ofage ofsolution
Solution: DAH-027 (AlCl3, Ionic strength 0.05)
Age of Solution
(days)
Viscosity
(cps)
Temperature
(C)
Standard Deviation
(cps)
0 716.8 22.7 3.0
2 658.1 25.4 4.7
3 707.0 23.2 2.8
6 677.9 25.5 2.4
7 729.1 23.5 1.9
8 717.0 24.7 2.5
9 736.0 23.8 2.5
10 746.9 22.3 2.2
13 723.2 23.2 3.0
14 718.1 22.3 2.4
15 774.9 21.4 3.4
16 780.8 21.3 2.4
17 738.3 23.3 3.2
20 756.0 22.0 3.1
21 748.6 22.5 2.6
22 751.2 22.3 3.3
24 777.1 21.6 2.6
27 733.5 24.1 2.7
28 746.1 22.4 2.0
31 787.6 20.9 2.8
34 740.6 22.8 2.3
36 745.1 23.2 2.2
38 748.6 23.3 3.4
42 742.7 23.4 2.6
45 756.4 22.6 3.3
50 784.4 22.3 3.8
63 763.2 21.9 2.4
Solution made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 50. rpm.
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Appendix Table D: Viscosity as afunction ofage ofsolution
Solution: DAH-032 (MgCl2, Ionic strength 8.0)
Age of Solution
(days)
Viscosity
(cps)
Temperature
(C)
Standard Deviation
(cps)
0 1289 24.8 5
1 1339 24.7 11
2 1303 23.4 7
3 1324 22.3 8
6 1204 23.2 10
7 1179 22.3 10
8 1348 21.4 8
9 1256 21.3 7
10 1249 23.3 9
13 1231 22.0 5
14 1240 22.4 10
15 1216 22.9 9
17 1308 21.6 8
20 1188 24.1 5
21 1203 22.4 9
24 1304 20.9 12
27 1177 22.8 7
29 1191 23.2 11
31 1224 23.3 12
35 1206 23.4 10
38 1248 22.6 11
43 1295 22.3 13
56 1221 21.9 10
Solution made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 20. rpm.
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Appendix Table E: Al cation added as a solution containingAlCl3 only.
Soln ID Ionic
Strength
Molarity
ofAI3+
Viscosity
(cps)
Temp
(C)
Std Dev
(cps)
DAH-016 0.00411 -0- 866.4 22.5 3.0
DAH-049 0.00411 -0- 915.8 22.6 2.4
DAH-042 0.00766 0.00050 965.0 22.6 2.2
DAH-029 0.00993 0.00083 999.0 22.6 1.8
DAH-041 0.01236 0.00117 1000.3 22.4 2.5
DAH-038 0.01586 0.00167 1047.7 22.6 6
DAH-039 0.02186 0.00250 1184.5 22.4 5
DAH-030 0.02756 0.00333 1399 22.9 9
Solutions made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 50. rpm.
i3+
Appendix Table F: Al cation added as a solution containing
AlC^plus citric acid.
Soln ID Ionic
Strength
Molarity
ofAI3+
Viscosity
(cps)
Temp
(C)
Std Dev
(cps)
DAH-016 0.00411 -0- 866.4 22.5 3.0
DAH-049 0.00411 -0- 915.8 22.6 2.4
DAH-045 0.01028 0.000500 954.2 22.4 2.0
DAH-028 0.01438 0.000833 957.6 22.5 2.0
DAH-052 0.01967 0.001167 917.4 22.4 2.0
DAH-044 0.02777 0.001667 843.2 22.7 2.1
DAH-053 0.03440 0.002500 837.0 22.8 2.2
DAH-027 0.09979 0.008333 767.0 22.8 2.9
DAH-022 1.02114 0.083333 592.2 23.7 3.4
DAH-023 2.08067 0.166667 657.8 22.6 4.6
DAH-043 3.10280 0.250000 631.0 22.8 3.1
DAH-024 4.03653 0.333333 530.0 22.7 2.1
Solutions made with Lot 13834 CMC.
Viscosity measured at a spindle speed of 50. rpm.
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Appendix Table G:
Al3+
cation added as a solution containing
AlChplus oxalic acid.
Soln ID Ionic
Strength
Molarity
OfAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
Comments
DAH-098 0.00411 -0- 1631 24.1 42 Control
DAH-099 0.00411 -0- 1678 24.1 44 Control
DAH-100 0.00411 -0- 1673 24.1 36 Control
DAH-088 0.01268 0.000833 2089 23.7 38
DAH-061 0.02096 0.001667 5093 23.7 34
DAH-095 0.02472 0.002083 7305 24.0 103
DAH-089 0.02916 0.002500 10208 23.6 378
DAH-063 0.03747 0.003333 10033 23.85 817
DAH-072 0.05450 0.005000 9413 23.45 121
DAH-070 0.06555 0.005000 1459 23.75 39 Excess NaOH
DAH-064 0.07073 0.006667 11715 23.85 146
DAH-073 0.08715 0.008333 13100 23.75 225
DAH-062 0.10349 0.010000 12170 23.85 249
DAH-066 0.12044 0.011670 11990 23.85 141
DAH-069 0.13707 0.013333 11600 23.75 172
DAH-071 0.15347 0.015000 12890 23.65 229
DAH-060 0.17021 0.016667 15070 23.85 262
DAH-065 0.17028 0.016667 2727 23.85 46 Salts to pH 7.0
DAH-097 0.17028 0.016667 3250 24.1 56 Salts to pH 7.0
DAH-067 0.18725 0.018333 10045 23.85 80
DAH-096 0.18795 0.018333 12540 24.1 437
DAH-068 0.21991 0.021667 15105 23.85 386
DAH-074 0.24324 0.025000 16660 23.45 424
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm.
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i3+
Appendix Table H: Al cation added as a solution containing
AlCI3plus malic acid.
Soln ID Ionic
Strength
Molarity
ofAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
pH of Salts
Solution
DAH-098 0.00411 -0- 1631 24.1 42
DAH-099 0.00411 -0- 1678 24.1 44
DAH-100 0.00411 -0- 1673 24.1 36
DAH-081 0.17010 0.01667 1974 23.7 37 3.0
DAH-079 0.17320 n 1424 23.75 43 3.4
DAH-075 0.17005 n 1662 23.65 43 4.0
DAH-076 0.16990 ii 1553 23.65 40 4.75
DAH-080 0.16990 n 1421 23.55 46 7.0
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm.
i3+
Appendix Table I: Al cation added as a solution containing
AlCl3plus EDTA.
Soln ID Ionic
Strength
Molarity
ofAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
Comments
DAH-098 0.0041 1 -0- 1631 24.1 42 Control
DAH-099 0.00411 -0- 1678 24.1 44 Control
DAH-100 0.00411 -0- 1673 24.1 36 Control
DAH-078 0.00835 0.000333 1585 23.55 43
DAH-058 0.01059 0.000517 1344 23.65 46
DAH-057 0.01232 0.000650 1283 23.75 48
DAH-077 0.01316 0.000717 1305 23.75 40
DAH-059 0.01494 0.000833 1202 23.75 45
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm.
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Appendix Table J: Al cation added as a solution of
basic aluminum acetate.
Soln ID Ionic
Strength
Molarity
ofAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
Comments
DAH-098 0.00411 -0- 1631 24.1 42 Control
DAH-099 0.00411 -0- 1678 24.1 44 Control
DAH-100 0.00411 -0- 1673 24.1 36 Control
DAH-091 0.00828 0.000833 2091 23.9 38
DAH-084 0.01264 0.001667 5679 23.75 59
DAH-092 0.01677 0.002500 6032 23.85 76
DAH-090 0.02099 0.003333 9606 23.9 166
DAH-093 0.02942 0.005000 12855 23.8 415
DAH-085 0.03789 0.006667 17360 23.8 302
DAH-087 0.05513 0.010000 18640 23.8 284
DAH-086 0.07186 0.013333 22362 24.1 *
DAH-083 0.08878 0.016667 23852 23.55 *
DAH-082 0.14070 0.016667 3354 23.55 84 AICI3 plus
acetic acid
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm unless otherwise noted.
*Viscosity measured at a spindle speed of 0.5 rpm and calibrated to 10. rpm.
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Appendix Table K:
Cr3+
cation added as a solution containing
[Cr(H20)4Cl2]Cb2H20plus oxalic acid
Soln ID Ionic
Strength
Molarity
ofAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
Comments
DAH-098
DAH-099
0.00411 -0- 1631 24.1 42 Control
0.00411 -0- 1678 24.1 44 Control
DAH-100 0.00411 -0- 1673 24.1 36 Control
DAH-102 0.00811 0.0005 2024 24.4 40
DAH-103 0.00971 0.0007 2386 24.1 46
DAH-104 0.01131 0.0009 3010 24.0 42
DAH-105 0.01376 0.0011 5111 24.0 77
DAH-116 0.01736 0.0013 12620 23.8 289
DAH-112 0.02061 0.0015 21103 24.1 *
DAH-113 0.02296 0.0017 30700 23.8 *
DAH-114 0.02181 0.0019 29712 23.9 *
DAH-107 0.02241 0.0021 23830 24.0 *
DAH-108 0.02431 0.0023 20492 23.9 *
DAH-109 0.02956 0.0025 24356 23.8 *
DAH-110 0.02941 0.0027 23120 24.1 *
DAH-106 0.02920 0.0030 16748 24.15 *
DAH-115 0.03540 0.0036 18421 23.9 *
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm unless otherwise noted.
*Viscosity measured at a spindle speed of 0.5 rpm and calibrated to 10. rpm.
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Appendix Table L: Cr
+
cation added as a solution of
chromium (III) acetate hydroxide.
Soln ID Ionic
Strength
Molarity
ofAI3+
Vise
(cps)
Temp
(C)
Std Dev
(cps)
Comments
DAH-098
DAH-099
0.00411 -0- 1631 24.1 42 Control
0.00411 -0- 1678 24.1 44 Control
DAH-100 0.00411 -0- 1673 24.1 36 Control
DAH-117 0.00939 0.0009 1804 24.2 45
DAH-121 0.01461 0.0018 1844 23.9 44
DAH-118 0.02516 0.0036 2218 24.2 46
DAH-122 0.03026 0.0045 2072 23.5 38
DAH-123 0.03571 0.0054 2889 23.7 45
DAH-119 0.04621 0.0072 8187 24.2 235
DAH-124 0.05701 0.0090 10555 23.7 422
DAH-127 0.06216 0.0099 21806 24.3 *
DAH-128 0.06471 0.0104 25194 24.3 *
DAH-120 0.06731 0.0108 28206 24.2 *
DAH-126 0.07001 0.0113 23582 24.3 *
DAH-125 0.07251 0.0117 23347 24.3 *
Solutions made with Lot 66187 CMC.
Viscosity measured at a spindle speed of 10. rpm unless otherwise noted.
"Viscosity measured at a spindle speed of 0.5 rpm and calibrated to 10. rpm.
90
REFERENCES
(1) Aqualon Cellulose Gum: Physical and Chemical Properties, published
by Aqualon Corporation, 1988.
(2) Waller, B.S., Assessment ofMixing Parameters to Achieve Stable
Sodium Carboxymethylcellulose (NaCMC) Solutions ofVarying Ionic
Strengths ofNaCl, M.S. Thesis, Rochester Institute ofTechnology,
1996.
(3) Matsumoto, T. and Zenkoh, H., "A New Molecular Model for
Complexation between Carboxymethylcellulose and Alkaline-earth
Metal Ions in Aqueous Systems," FoodHydrocolloids, 1992, 6(4), 379-
386.
(4) Podlas, T.J., "Gels from Water-soluble
Polymers," Canadian Patent No.
978938, Hercules Inc., USA, 1976.
(5) Shriver, D.E., Atkins, P.W., and Cooper, H.L., Inorganic Chemistry,
W.H. Freeman and Company, New York, 1990, 202.
(6) Lorenz, T., A HypothesisforDetermining theMaximum Viscosity of
Sodium Carboxymethylcellulose in Solutions ofDivalent Cations ofHigh
Ionic Strength, M.S. Thesis, Rochester Institute ofTechnology, 1996.
(7) Cotton, F.A., and Wilkinson, G., Advanced Inorganic Chemistry, 5 ed.,
John Wiley & Sons, New York, 1988, 209 and 687.
(8) Greenwood, N.N., and Earnshaw, A., Chemistry ofthe Elements,
Pergamon Press, Oxford, 1984, 253-254.
(9) Dean, J.A., Lange 's Handbook ofChemistry, 1
1th
ed., McGraw-Hill,
New York, 1973, 3-118 and 3-119.
91
BIBLIOGRAPHY
Alberty, R.A., and Daniels, F., Physical Chemistry,
5th
ed., John Wiley &
Sons, New York, 1979.
Aqualon Cellulose Gum: Physical and Chemical Properties, published by
Aqualon Corporation, 1988.
Bell, C.F., Metal Chelation: Principles andApplications, Clarendon Press,
Oxford, 1977.
Cotton, F.A., andWilkinson, G., Advanced Inorganic Chemistry, 5 ed.,
John Wiley & Sons, New York, 1988.
Dean, J.A., Ed., Lange 's Handbook ofChemistry, 1 1 ed., McGraw-Hill,
New York, 1973.
Dwyer, F.P., andMellor, D.P., Eds., ChelatingAgents andMetal Chelates,
Academic Press, New York, 1964.
Fodor, L.M., and Cobb, R.L., "Aluminum Citrate Solution for Enhanced Oil
Recovery," U.S. PatentNo. 4601340, Phillips Petroleium Co., 1986.
Ghosh, B.N., "An Attempt to Account Quantitatively the Electroviscous
Effect of Sols of Sodium Carboxymethylcellulose Under Different
Conditions," J. Indian Chem. Soc, 1980, 57(2), 163-167.
Greenwood, N.N., and Earnshaw, A., Chemistry of the Elements, Pergamon
Press, Oxford, 1984.
Henderson, J.T., A Methodfor theMeasurement ofDivalent Cations in
Solutions ofCarboxymethylcellulose,M.S. Thesis, Rochester Institute of
Technology, 1998.
Huheey, J.E., Inorganic Chemistry,
3rd
ed., Harper & Row Publishers, New
York, 1983.
92
Kokufuta, E., Hirata, M., and Iwai, S., "Effects ofpH and Ionic Strength on
the Electrophoretic Mobility and Viscosity of
Carboxymethylcellulose,"
Kobunshi Ronbunshu, 1975, 32(4), 235-239.
Lorenz, T., A HypothesisforDetermining theMaximum Viscosity ofSodium
Carboxymethylcellulose in Solutions ofDivalent Cations ofHigh Ionic
Strength, M.S. Thesis, Rochester Institute ofTechnology, 1996.
Marcera, D., Conformational Studies ofCarboxymethylcellulose inAqueous
Saline Solutions as a Function ofIonic Strength, M.S. Thesis, Rochester
Institute ofTechnology, 1990.
Matsumoto, T. and Zenkoh, H., "ANewMolecular Model for Complexation
between Carboxymethylcellulose and Alkaline-earthMetal Ions in Aqueous
Systems," FoodHydrocolloids , 1992, 6(4), 379-386.
Podlas, T.J., "Gels from Water-soluble
Polymers," Canadian Patent No.
978938, Hercules Inc., USA, 1976.
Stelzer, G.I., andKlug, E.D.,
"Carboxymethylcellulose," in Cellulose and Its
Derivatives, Halsted Press (ed.). E. Horwood: Chichester (UK), 1985, 15-29.
Tanford, C, Physical Chemistry ofMacromolecules, John Wiley & Sons,
New York, 1961.
Thomas, G. and Voigt, R., "Effects of the pH Value and Electrolyte
Concentration on the Viscosity of Sodium Carboxymethylcellulose
(NaCMC)," Pharmazie, 1983, 38(6), 426-427.
Waller, B.S., Assessment ofMixing Parameters toAchieve Stable Sodium
Carboxymethylcellulose (NaCMC) Solutions ofVarying Ionic Strengths of
NaCl, M.S. Thesis, Rochester Institute ofTechnology, 1996.
93
